ABSTRACT. Tambaqui, Colossoma macropomum, is the main native freshwater fish in Brazilian aquaculture. Therefore, intensive research pressure has been applied to the species to support new technologies for tambaqui farming. Molecular biology represents a tool that can be used to investigate every field of applied biology, from fish physiology to the effects of climate change. Based on the importance of reference genes for the relative or absolute quantification of gene transcripts, we cloned and sequenced three candidate reference genes in tambaqui (18S ribossomal RNA -18s, glyceraldehyde-3-phosphate dehydrogenasegapdh, and actin beta -β-actin), and validated a set of primers for each gene for use in real-time quantitative PCR. The results were evaluated 2 A.R. Nascimento et al. Genetics and Molecular Research 15 (4): gmr15049228 by RefFinder, which indicated that β-actin is the most suitable reference gene for tambaqui among those studied, followed by 18s.
INTRODUCTION
Tambaqui, Colossoma macropomum, a tropical fish from the Orinoco and Amazon basins, is the main native species farmed in Brazil. Traditionally, it is the most consumed fish in the north of Brazil and, consequently, fishing pressure over the years has had a major impact on the wild population of the species. The high demand for this fish, together with reduced natural stock, has boosted tambaqui farming, not only increasing the number of farms but also intensifying production. In 2013, the production of farmed tambaqui was 150,000 tons, which represented 38% of the total volume of fish cultivated in Brazil in that year (IBGE, 2014) . This increase in tambaqui production was possible due to the development of new technologies targeting the species.
Due to the ecological and growing economic importance of tambaqui, studies have been conducted with C. macropomum, including genetic analyses (Santos et al., 2007 (Santos et al., , 2009 , genome sequencing (Animal Genome Project, Embrapa, SEG No. 01.06.01.006.03.00), and more recently, transcriptome analysis, with a study that assessed the changes in tambaqui physiology when exposed to three climate scenarios (Prado-Lima and Val, 2016) . In general, these studies aim to preserve the remaining natural stocks and to improve the techniques used for tambaqui farming.
Real-time quantitative PCR (RT-qPCR) is a highly sensitive technique used for the detection of transcripts with a high level of accuracy, in addition to real-time detection of the reaction (Huggett et al., 2005) . The use of RT-qPCR is multidisciplinary. It can be applied to quantify (absolutely or relatively) the expression of any target gene, under natural or experimental conditions. However, as this technique is highly sensitive, any RNA degradation that occurs during sampling, handling, or cDNA synthesis might lead to data errors, and can ultimately affect the interpretation of the results. To mitigate this risk and normalize such variations, co-amplification of a reference gene in every sample in which a target gene is amplified is recommended . Reference genes usually encode factors involved in cellular processes that are essential to cell survival, and are therefore expressed constitutively. For a gene to be classified as a normalizer, certain criteria must be met; it should not be subject to regulation, its transcription should not be affected by experimental conditions, and it must present minimal variation of expression between tissues and physiological states of the organism (Chervoneva et al., 2010) .
As the genome data of tambaqui are not yet available, and considering the immediate and widespread use of molecular tools in fish research, this study aimed to: i) sequence three different candidates [18S ribosomal rRNA (18s), glyceraldehyde-3-phosphate dehydrogenase (gapdh), and β-actin (β-actin)] for use as reference genes in tambaqui, and ii) to validate RTqPCR assays in eight different organs of tambaqui. These genes were selected on the basis of their use as reference genes in studies with vertebrates, and due to their different roles in the eukaryotic cell cycle. The validation of three reference genes as normalizers for tambaqui RT-qPCR assays represents a great contribution to studies on this species in several areas, such as physiology, health, welfare, reproduction, nutrition, and genetics. Therefore, this study provides an important tool, which can save time and money, for those researchers that aim to quantify any target mRNA in tambaqui.
MATERIAL AND METHODS

Fish and RNA extraction
Six adult tambaqui were captured from the aquaculture facilities of Embrapa Amazônia Ocidental, Manaus, AM, where the fish were produced. Prior to sacrifice, the fish were anesthetized with 10% benzocaine. Samples of liver, intestine, muscle, heart, gill, brain, and gonads were rapidly collected. The tissue fragments were immediately immersed in RNA Later (Thermo Fisher Scientific ® , Waltham, MA, USA) and frozen until extraction. Some fragments of the gonads were individually fixed in Bouin solution and embedded in paraffin for histological processing and sexing. An additional eight fish were sampled to obtain six testis and ovary samples. Therefore, a total of 14 fish were used in order to obtain six biological replicates for each organ. All the procedures used during fish handling and sampling followed the ethical principles established by the Brazilian College of Animal Experimentation (COBEA).
Total RNA was isolated by the phenol-guanidine thiocyanate acid method after tissue homogenization. The RNA was quantified (NanoDrop 1000, Thermo Fisher Scientific ® ) and its integrity checked using 1% agarose gel electrophoresis. Contamination of genomic DNA was minimized by DNase treatment (Kit RQ1 RNase-free; Promega ® , Madison, WI, USA). Random-primed cDNA was synthesized from 2 µg total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems ® , Foster, CA, USA).
Gene cloning and sequencing
Sequences of the tambaqui 18s, β-actin, and gapdh genes were obtained by cloning with degenerate primers based on the sequences of these genes from other teleost species. Total DNA and cDNA were used as templates for amplification. The DNA was extracted from tambaqui fin samples as described by de Queiroz et al. (2016) , and the cDNA was transcribed from total RNA isolated from the ovary. Cloning was performed in a pGEM-T Easy vector, and sequencing was performed in a 3500 Genetic Analyzer (Applied Byosystems ® ). The sequences were deposited in GenBank (β-actin GenBank Accession No. KX444555, gapdh GenBank Accession No. KX444556, and 18s GenBank Accession No. KX444557).
Real-time assay
Based on these sequences, specific primers were designed for use in RT-qPCR. The amplicon length of each primer set was first visualized on a 1.5% agarose gel. The efficiency of each primer set was analyzed using a five-point serial dilution (1:10) of pooled cDNAs from all eight organs, in triplicate. The SYBR Green Fast (Applied Biosystems ® ) fluorescent agent was used in the assay. RT-qPCR was performed in the 7500 Fast Real-Time PCR System v2.3 (Applied Biosystems ® ). The reactions contained 10 µL Fast SYBR Green, 100 ng cDNA, 200 nmol primers, and nuclease-free water. The negative control was included in each test and each sample/ control was also run in triplicate. The melting curve was analyzed at the end of the reaction to confirm the presence of only one amplicon in each assay. The expression levels were based on the Cq (quantification cycle) value. Data are reported as means ± standard deviation. Statistical differences between each organ for each gene and between genes were analyzed using one-way ANOVA followed by the Tukey test. To evaluate the stability of the candidate reference genes using four different algorithms, the tool RefFinder was applied (Xie et al., 2012) .
RESULTS
Fragments of the 18s, gapdh, and β-actin genes, based on the results of cDNA cloning and sequencing, were 202, 491, and 1338 bp in size, respectively, confirming the identity of the genes. Based on sequence analysis, primers for RT-qPCR were designed (Table 1) . Primer concentrations of 200 nmol and cDNA concentrations of 100 ng were selected, based on visualization of the amplicons and the remaining primers in agarose gel. The efficiency (E) of each assay was 96.9% for 18s, 101.6% for gapdh, and 99.4% for β-actin.
*Length of the amplicon derived from the cDNA template. The expression levels were based on the Cq value. Among the three studied genes, transcript levels of 18s were the highest in all tissues (lowest Cq values; Figure 1 ). There was no statistical difference in the expression of 18s and β-actin among the eight tissues studied ( Figure  1 ). In general, β-actin and gapdh are expressed at lower levels than 18s in tambaqui (Figure 2) . Of the genes evaluated in this study, β-actin and 18s appear to be the most suitable reference genes for tambaqui (Figure 3) , according to the RefFinder tool. Data by tissue type are presented in Figure 3 . 
DISCUSSION
The high sensitivity and degradation of RNA during storage and manipulation represent major problems for the synthesis of cDNA and quantification of transcript levels. Therefore, reference genes are used to normalize the difference between the initial mRNA input and the final number of cDNA copies, as an internal standard of each amplified sample. An ideal reference gene should be constitutively expressed by all cell types and should not be affected by any physiological (age, stage of maturation, body condition, etc.) nor experimental (use of drugs, different temperatures, disease, etc) condition. Among several different reference genes, 18s, gapdh, and β-actin are widely used in vertebrates. The 18S rRNA gene comprises a subunit of ribosomal RNA (40S) and is thus one of the basic components of all eukaryotic cells. The product of the gapdh gene catalyzes an important energy-yielding step during carbohydrate metabolism, the reversible oxidative phosphorylation of glyceraldehyde-3-phosphate in the presence of inorganic phosphate and nicotinamide adenine dinucleotide. In some species, additional functions of GAPDH include nitrosylation of nuclear proteins, regulation of mRNA stability, and as a transferrin receptor on the cell surface of macrophages. Finally, actin is an essential component of the cytoskeleton, and has critical roles in a wide range of cellular processes, including cell migration, cell division, and the regulation of gene expression (Bunnell et al., 2011) .
Tambaqui, C. macropomum, is the main native freshwater fish farmed in Brazil. It is estimated that tambaqui farming grows by more than 8% every year (BRASIL, 2013) , and this economic importance has stimulated research efforts to support tambaqui farming. With the aim of providing a basis for real-time quantitative PCR in studies with tambaqui, we cloned and validated a RT-qPCR assay for 18s, gapdh, and β-actin to be used as reference genes in this species.
The efficiency of the assay indicates that all three primer sets are valid for RT-qPCR, since, according to the analysis of relative quantification by Livak and Schmittgen (2001) , the E must be between 95 and 105% for RT-qPCR. Moreover, only one peak was observed on the dissociation melting curves in each sample for all genes, indicating that only one PCR product was amplified and confirming the specificity of the assay. Bustin et al. (2009) noted that the presence of dimers may generate false positive tests with SYBR Green, as any (specific and unspecific) amplification generates fluorescence.
To validate the candidate reference genes, RT-qPCR for each gene was performed using cDNA from the liver, intestine, muscle, heart, brain, gills, testis, and ovary of adult tambaqui. The evaluated genes exhibited different levels of transcription in the eight tissues investigated. The 18s gene showed the highest transcriptional activity among the three genes, similar to the observations of Wang et al. (2015) in a study in tilapia Oreochromis niloticus. The gapdh and β-actin genes present similar levels of transcription.
In tambaqui, besides being highly expressed, the 18s gene is similarly expressed in all studied organs. The level of β-actin transcription is also constant in different organs. Conversely, the gapdh gene is highly expressed in the liver, muscle, and ovary of tambaqui, while very low levels of this transcript were observed in the brain and gills.
Among all the evaluated organs, the tambaqui ovary seems to exhibit the most variable expression of 18s, gapdh, and β-actin. This probably reflects the high metabolism and dynamics of the tissue, as marked changes in cellular components constitute folliculogenesis, which affect the basal metabolism of these organs. There is massive variation in gene transcription within the gonads between the immature and mature stage, which also explains the variation in constitutive gene expression. In tilapia, transcription of the reference genes increases significantly during oogenesis, especially during periods of high vitellogenic protein production (Deloffre et al., 2012) .
Finally, the stability of the genes was evaluated using RefFinder, which is a webbased tool that evaluates and screens candidate reference genes based on the ranking of four different algorithms, geNorm, Normfinder, BestKeeper, and DeltaCt (Xie et al., 2012) . These algorithms assess inter-and intra-group variations to estimate individual stability values for each gene (Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl et al., 2004; Silver et al., 2006) . Therefore, RefFinder combines the results of the best programs available and selects the most suitable reference gene from a set of candidates.
β-actin was the most stable gene in the testis, heart, intestine, brain, muscle, and ovary of tambaqui. Our results indicate that 18s is the most suitable gene in the liver and gills for the normalization of RT-qPCR. However, the combined use of three or more genes as an internal control is recommended for the proper normalization of RT-qPCR assays .
Taken together, these data indicate that the primers developed in the present study are reliable for RT-qPCR, and therefore, confirm the use of β-actin, 18s, and gapdh as good reference genes for tambaqui. Moreover, our results indicate that β-actin is the most stable gene within the eight organs evaluated, followed by 18s and gapdh. These data will contribute to studies on the biology of tambaqui, from basic to applied research.
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